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AF4-UV-MALS-ICP-MS/MS, spICP-MS and STEM-EDX for 
the characterization of metal-containing nanoparticles in gas 
condensates from petroleum hydrocarbon samples
Daniel Ruhland*, Kenneth Nwoko, Magali Perez, Jörg Feldmann, and Eva M. Krupp
Trace Element Speciation Laboratory (TESLA), University of Aberdeen, Aberdeen AB24 3UE, UK
ABSTRACT: The coupling of flow field flow fractionation (FlFFF) with ICP-MS/MS for the fractionation and analysis 
of natural nanoparticles in environmental samples is becoming more popular. However, the applicability of this technique 
to non-aqueous samples such as gas condensates from petroleum hydrocarbon samples has not been reported yet. In this 
study, an asymmetric flow-field flow fractionation (AF4) system coupled with UV and MALS detectors has been 
optimized to perform the fractionation of natural nanoparticles present in a gas condensate sample, using THF as the 
carrier liquid. Prior to this, STEM images indicated the presence of both large (200 nm and more) and smaller (50 nm 
and less) particles, whose irregular shape is probably due to agglomeration.  AF4-UV-MALS-ICP-MS/MS confirmed 
the presence of various nanoparticles and colloids, some containing aromatic compounds as well as various metals 
including Hg. The recovery against an injection without crossflow is around 75% for most metals. The presence of Hg-
containing nanoparticles was confirmed with offline single particle ICP-MS (spICP-MS), using THF as a solvent. These 
NPs were identified as HgS using STEM-EDX. These results highlight for the first time that particulate matter may 
contaminate gas condensates with a series of elements (Al, P, S, Ti, V, Mn, Fe, Co, Cu, Zn, As, Se, Cd, Hg, Pb) which 
can make the upstream use problematic, especially for mercury.
INTRODUCTION
 As conventional petroleum sources are increasingly difficult to exploit, gas condensates are becoming viable options 
for the petroleum industry. From 5.8 Mb/d in 2006, the global condensate production is expected to reach 9.1 Mb/d in 
2020 according to an International Energy Agency (IEA) projection1. A gas condensate mostly contains C5+ 
hydrocarbons and shares many of the characteristics of a light crude oil. It generally occurs in association with natural 
gas and condenses as the gas rises to the surface. Petroleum liquids often contain minor amounts of impurities; in 
Page 1 of 17
ACS Paragon Plus Environment
Analytical Chemistry
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
2particular, mercury is present in almost all hydrocarbon sources worldwide, in concentration ranging from 10 to 3,000 
µg.kg-1 depending on geological location2. The origin of mercury is believed to be a combination of atmospheric mercury 
deposition and secondary geological processes3.
Mercury-containing hydrocarbons have the potential to cause corrosion of welds, cryogenic components, and 
aluminum based heat exchangers4. Mercury can also affect the efficiency of platinum group metals catalysts, as even 
µg.kg-1  levels can lead to catalyst poisoning5. Last but not least, environmental issues due to workers exposure and 
release to the environment are also present. These concerns have led some refiners to impose limits for total mercury on 
the feedstock in the single µg.kg-1  range6. For fields with a high mercury concentration it may be necessary to add a 
mercury removal system into the process design. Such systems usually rely on surface adsorption on metal sulfide pellets, 
e.g. sulfide-containing alumina7. However, individual Hg species exhibit different chemical and physical properties 
which may affect their reactivity towards the adsorbent. It has indeed been observed that current mercury removal 
systems typically remove elemental mercury only. For this reason, there is a need to identify exactly which species of 
mercury are present. The total amount of Hg should fulfil the following mass balance equation8:
𝐻𝑔𝑡𝑜𝑡𝑎𝑙 = 𝐻𝑔0 + 𝑅2𝐻𝑔 + 𝑅𝐻𝑔 + + 𝐻𝑔2 + + 𝐻𝑔𝑝𝑎𝑟𝑡𝑖𝑐𝑢𝑙𝑎𝑡𝑒
To the best of our knowledge, mercury speciation studies in gas condensates have mainly been focused on elemental, 
organic and inorganic mercury, mainly relying on separation by Gas or Liquid Chromatography and detection by ICP-
MS9. The particulate Hg is then calculated as the difference between total Hg and the sum of all the other species. More 
specifically, no information is found in the literature about the presence of naturally occurring Hg nanoparticles (NPs) 
in condensates. While determining the concentration of Hg2+ species in a crude oil sample using species-specific isotope 
dilution (SS-ID-MS) Gajdosechova et al.8 reported random variations which were attributed to the presence of HgS 
nanoparticles in the sample; Recently, Avellan et al. highlighted the presence of HgS NPs in solid petroleum residues10.  
Therefore, the presence of Hg-containing NPs in gas condensates seems plausible as well.
The increasing importance of engineered NPs and concerns about their potential toxicity have led to the development 
of analytical methods in order to characterize and quantify nano-scale dispersed materials in environmental samples. 
Key challenges include potentially complex matrices, numerous measurands involved (e.g. size distribution, chemical 
composition, shape), and the dynamic nature of NPs solutions due to aggregation, dissolution or surface modification11.
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3Several established NPs characterization techniques are currently availablel12,13. This includes microscopy techniques 
(electron microscopy and atomic force microscopy), and light scattering techniques. More recently, the sensitivity and 
elemental specificity of inductively coupled plasma-mass spectrometry (ICP-MS) has been adapted to the analysis of 
NPs. So-called single particle inductively coupled plasma-mass spectrometry (spICP-MS) rapidly provides information 
regarding size, size distribution, particle number concentration, and elemental composition, as well as possible 
aggregation processes14. 
The coupling of Flow Field-Flow Fractionation (FlFFF), and particularly asymmetric FlFFF (AF4), with varying 
techniques such as UV/fluorescence15,16,14, multi-angle light scattering (MALS)17–19, and ICP-MS20–22, is also becoming 
increasingly popular. FlFFF is a chromatography-like particle separation technique based on the injection of a sample 
into a thin chamber through which a carrier liquid is flowing. The separation is achieved by a perpendicular liquid flow 
called cross flow23: due to the diffusion phenomenon and parabolic flow profile inside the channel, small particles elute 
earlier than bigger ones. The “Achilles heel” of FlFFF is the sample-membrane interaction, which can cause significant 
sample losses due to permeation of NPs through the membrane and adsorption onto the membrane. A few studies using 
the AF4 with organic solvents for polymer separation are mentioned in the literature19,24; however this technique has, to 
the best of our knowledge, never been applied to petroleum matrices so far, and especially gas condensates and never 
been coupled to ICPMS for element-specific detection.
The aim of this study was to investigate the use of AF4 with on-line MALS, UV and ICP-MS for the characterization 
of natural nanoparticles in petroleum hydrocarbon samples. This technique has also been challenged against STEM and 
off-line spICP-MS measurements. Increased focus has been placed on Hg nanoparticles, whose presence in gas 
condensates is the most concerning.
EXPERIMENTAL SECTION
Reagents and samples. 
All chemicals used were of analytical reagent grade, unless stated otherwise. For AF4-ICP-MS, both o-xylene (Sigma 
Aldrich, UK) and THF (Perkin Elmer, UK) were used as carrier liquids. A polystyrene particle standard (PSS 62.5 kDa, 
PostNova Analytical, Germany) with a diameter of 23 nm was used to normalize the MALS detector. For spICP-MS, 
the samples were diluted in THF, which was also used as a blank solution. Gold nanospheres coated with polystyrene 
were purchased from nanoComposix. The gold NPs had a nominal diameter of 100 nm and were used for the 
determination of the nebulization efficiency after dilution to approximately 300 ng.L-1 (around 7.5×10-7 particles/L) in 
Page 3 of 17
ACS Paragon Plus Environment
Analytical Chemistry
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
4THF. Dissolved elemental organic standards (Conostan S21+ Hg, S and Se standards, Canada) at a concentration of 5 
µg.kg-1 were prepared in THF or o-xylene from the 100 mg.kg-1 standards in blank oil and used to measure elemental 
response factors. All dilutions were carried out gravimetrically. The samples were sonicated for 10 minutes before 
analysis.
The gas condensate sample (“Condensate B”, geographical location not disclosed) presented in this study was provided 
by Johnson Matthey, UK, and stored in a 100 mL amber glass bottle in the dark at room temperature. Total concentrations 
for several elements were measured by ICP-MS using direct dilution in o-xylene, as described by Poirier et al25. The 
results are displayed in Table S1.
Analytical methods. 
STEM analysis. The sample was sonicated for 10 minutes and a 5 µL aliquot was fixed on a circular, Formvar-coated 
200 mesh copper grid with a diameter of 3.05 mm. Microscopy was performed at the Johnson Matthey Technology 
Centre  in Sonning (U.K.). The images were obtained with a JEM 2800 (Scanning) Transmission Electron Microscope, 
at an accelerating voltage of 200 kV and were analyzed using the software package JEOL analysis station. The particle 
size distribution was obtained using the open source image processing program ImageJ. Briefly, a FFT bandpass filter is 
applied to increase the contrast between the particles and the background. The software then delimits each particle and 
calculates the particle area, from which the particle diameter (or equivalent circular diameter, if the particle is not round) 
can be deduced. Compositional analysis has been performed by X-ray emission detection in the scanning mode.
spICP-MS analysis. The nanoparticles analysis were performed on a 7900 ICP-MS from Agilent Technologies 
(Tokyo, Japan). Analysis was performed in fast time resolved analysis with an integration time of 0.1 ms. The main 
parameters are detailed in Table S2. Lenses parameters were optimized daily to reach the maximum sensitivity by using 
a tune solution prepared by dissolving Conostan© elemental standards in THF. The data analysis was performed using 
the optional single nanoparticle application module of the ICP−MS MassHunter software (Agilent Technologies). 
AF4-ICP-MS/MS coupling. The FlFFF separation was carried with an AF 2000 asymmetric flow field flow 
fractionation (AF4) system (PostNova Analytics, Landsberg, Germany), combined with the AF2000 Control Program 
interface (v. 2.0.7.0). A temperature of 10⁰C was maintained in the autosampler for this experiment, while the channel 
was kept at 25⁰C. Three pumps were used: two isocratic pumps to provide the tip flow and focus flow, while a Kloehn 
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5syringe pump provided the crossflow. The degasser was placed between the carrier liquid reservoir and the isocratic 
pumps. Two filters were placed in-line after each pump and changed regularly.
In AF4, separation is achieved in a flat channel by means of an externally generated cross flow applied in a 
perpendicular direction across a flat semi-permeable membrane. The AF4 was fitted with a trapezoid channel with a 
length of 275 mm, and width of 20 mm and 5 mm, with a ceramic frit and a 350 µm spacer.  A 10 kDa cut-off regenerated 
cellulose membrane was used as the accumulation wall. The channel pressure has been kept within 5-10 bar by placing 
a back pressure tubing (approx. 15 cm long, 750 μm ID) between the pumps and the channel. Prior to separation, the 
membrane was conditioned by soaking it in a water bath filled with pure deionized water overnight. To prevent tube 
deformation and excessive backpressure on the AF4 system, the original tubes and connectors linking the AF4 to the 
ICP-MS were replaced with PTFE materials. A flow split system (PTFE T-piece) was inserted post-channel to deliver 
approximately 10% of the flow (0.040 mL/min) from the AF4 to the ICP-MS to prevent extinguishing of the plasma and 
carbon deposition on the cones. Both xylene and THF were tested as the carrier liquids. The condensate sample was 
diluted 1:1 v/v in THF and injected by means of an auto-sampler (V=50 µL). The eluting peaks were detected using a 
SPD20A UV detector (λ=325 nm) and a PN 3621 (21 angles) multi-angle light scattering (MALS) detector set at 80% 
laser power. A constant detector flow rate of 0.5 mL/min was maintained throughout the experiment.  
The ICP-MS/MS that was coupled to the AF4 system is a 8800 Triple Quadrupole from Agilent Technologies. 
Elements that were likely to be present in petroleum matrices have been monitored, such as Al, Fe and V. The triple quad 
(ICP-MS/MS) detector allowed the interference-free detection of co-occurring elements present in the condensate 
sample. Oxygen was introduced in the reaction cell at a rate of 0.3 L.min-1. Al, Co, Cd, Hg and Pb were measured in on-
mass mode while the other elements were detected in mass-shift mode. The integration time of each targeted m/z was 30 
ms, and the operating conditions were daily optimized using a tune solution. The optimal separation conditions and ICP-
MS settings are summarized in Table S3.
RESULTS & DISCUSSION
Method development. 
AF4 optimization. The optimization step in AF4 appears as the most challenging task because the suitable parameters 
to be used for the analysis of samples in organic matrices are still poorly known. Performance of the AF4 system for the 
separation of gas condensates was tested in both xylene and THF. Fig. S1 shows an AF4 fractogram of the separation of 
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6the Condensate B using xylene and THF as carrier solutions, with the 90⁰ scattered signal. The first peak appearing 
around 8 minutes in the figure is a void peak containing unretained material, which corresponds to the time it takes for 
the carrier solvent to pass through the channel from inlet to outlet. It clearly appears that better separation conditions are 
met when using THF instead of xylene. 
   With xylene a small peak at 14 min is observed which is absent in the xylene blank (not shown). With THF, the 
retention time of the peak observed is the same but with higher intensity. This result seems to show that the retention 
time, and thus the calculated particle size, is independent from the nature of the carrier solution. However, the higher 
intensity of the peak observed with THF, demonstrates a better recovery for the particles. Moreover, a smaller additional 
peak is observed at 12 minutes which potentially indicates a better fractionation and the presence of particles having 
different sizes.  The reasons for these different behaviours are still not clear but may be due to a different stability of the 
particles in these solvents. 
Different cross flow programs were studied. As expected from the FFF theory, higher crossflows resulted in an increase 
of the retention time (Fig. S2). A starting crossflow rate of 3 mL.min-1 has been selected in order to increase the resolution 
between the void peak and the NPs peak.
AF4-ICP-MS coupling. The main limitation of the MALS detector is its inability to provide any elemental 
information: indeed, it doesn’t specifically detect metallic particles as it can also detect polymers. For this reason, the 
instrument was coupled on-line to an ICP-MS after fractionation. There is an inherent flow limitation when introducing 
organic solvents (not more than 0.1 mL.min-1 while the detector flow is 0.5 mL.min-1). Therefore, the output stream has 
been split by means of a T-piece in order to meet this requirement. The ICP-MS has been initially optimized to work 
with xylene but the sub-par separation in comparison with THF observed on MALS highlighted the need to optimize it 
for THF as well. Due to its higher volatility, THF is more likely to form carbon deposits on the ICP cones which is why 
the flow has been further decreased (0.04 mL.min-1). This has been done by replacing the tubing connected to the ICP 
with one of lower diameter. However, the main issue with THF is its tendency to swell PEEK tubing and other plastic-
like materials over time26. A side effect of the swelling is an increased system pressure which has led to channel 
overpressure issues in the early stages of method development. Substituting PEEK tubing and ferrules with stainless steel 
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7counterparts is often recommended in that case, but the presence of Hg in the sample may be problematic. On the other 
hand, we have witnessed a marked improvement after switching to PTFE.
Void time, Reproducibility & Recovery of the AF4 peaks. The void time t0 can be determined using the channel and 
elution characteristics (detailed calculation shown in Table S3). With the conditions described in the same table, a value 
of t0=0.88 min was obtained. The Fig. 1, which shows a MALS overlay of three AF4 fractograms of the Condensate B, 
presents a small peak around 6 minutes: this indeed corresponds to the focusing time (5 minutes including 1 minute of 
transition time), plus t0. This peak was therefore identified as the void peak. In order to better assess the performance of 
the separation, the retention level RL = tr/t0 is used, where tr is the retention time of the analyte (minus the focusing time)27. 
Therefore, the times will be presented as retention times in this work (tr = t0RL).
The integrity of the membrane is a key concern in field-flow fractionation analysis. This is even truer when using 
organic solvents like xylene or THF, since the membrane materials currently used in FFF are not designed for organic 
applications. Even with aqueous matrices, it is recommended to change the membrane after approximately 30 runs28. 
As illustrated in Fig. 1 the recovery of the particles peak is gradually increasing as samples are subsequently injected, 
while the recovery of the void peak is unchanged. This may be an indication that some particles are adsorbed onto the 
membrane, due to the relatively high crossflow and/or electrostatic interactions. Therefore, the first few sample injections 
allow to condition the membrane and therefore to increase the subsequent recoveries. The recovery of an injection with 
the optimized method was assessed by comparing the total peak area given by MALS against the same sample injected 
without any crossflow (Fig. S3). An average recovery of 99.9% was observed (triplicates). The recoveries were also 
determined using the FFF-ICP-MS signal of each monitored element, here again comparing a run with the optimized 
method against a direct injection (data not shown). It appears that most elements have recoveries around 75-80%. 
Mercury is a notable exception with a recovery of 22%: this could indicate that Hg NPs have more affinity with the 
membrane material, or are too small to be retained. 
1
2
3
t0
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8Figure 1. Overlay of AF4 fractograms of the Condensate B in THF with LS-90⁰ and UV detection, successively injected in triplicates.
The overlay of MALS and UV fractograms shows that a UV signal is present for both the void peak (peak 1 in Fig. 1) 
and the main peak (peak 2). The latter (tr = 15 min, RL = 17) also presents a broad shoulder starting from tr = 20 min 
(peak 3). However, the UV signal corresponding to peak 2 is much less intense than the void peak, compared with the 
MALS signal. A strong UV signal often reflects the presence of aromatic and phenolic organic functional groups29, which 
may indicate that more of these compounds are present in the void peak, rather than in peak 2. It is also worth noting that 
peak 3 shows almost no UV response, which highlights the different compositions of the particles present in the peaks 2 
and 3.
Particle size and size distribution. 
STEM. The STEM images were taken at different magnification factors ranging from 20,000 up to 1,000,000 (Fig. 2). 
It appears that the nanoparticles present in the condensates come in a variety of shapes and are rarely round. In order to 
gather enough particles to plot the size distribution, 13 images were taken at a magnification factor of 20,000: the size 
distribution plot obtained with the ImageJ software is shown in Fig. 3.  This plot highlights the presence of several 
populations of nanoparticles, with a major population in number having a diameter of 15-55 nm. There is also a 
significant proportion of particles between 100 and 200 nm, as well as colloids above 400 nm size (Fig. 3).  
Figure 2. STEM images obtained for the Condensate B. a) x20,000 magnification; b) x250,000 magnification.
a) b)
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9Figure 3. Particle size distribution histograms obtained from the sum of 13 STEM images taken at a x20,000 magnification factor.
AF4-ICP-MS/MS. In order to ensure a good signal to noise ratio, the MALS detector was first normalized with a 
polystyrene latex standard with a nominal particle diameter of 23 nm. It was not possible to use the 100 nm Au NPs for 
this purpose because of the potential enhancement of the light scattering signal due to the surface plasmon resonance 
effect30. The AF4 software was then used to yield the NPs radius of gyration (rg), using a “random coil” fitting model for 
the MALS data. This value can then be used to calculate the geometrical radius (rgeo) if the particle shape is known: 
rgeo=rg/α, with α being the shape factor. The standard value of α=0.775 has been used for the calculations. This number 
is a good approximation for spherical particles, which allows to calculate an equivalent circular diameter, but tends to be 
higher for non-spherical or elongated structures31,32. The plot of the calculated rg against elution time for the Condensate 
B is shown in Fig. 4. It can be seen that the particle size steadily increases from 15-24 minutes (tr = 10-19 min) , reaching 
rg=500 nm which corresponds to an equivalent circular diameter of 1300 nm. The STEM images also highlighted the 
presence of different NPs size groups, as well as a significant proportion of NPs above 400 nm. In the light of the rg 
values calculated using MALS, the AF4 peak seems to contain several size groups as well .The fact that the rg decreases 
around 25 minutes and increases again a few minutes later is surprising and might be an indication that some of the 
bigger NPs or aggregates break down, possibly due to the pressure inside the channel. 
An attempt to integrate the region between 6 and 15 min. (tr=0 to 7 min.) has been made. However, none of the available 
fitting models were suitable for this region, possibly due to the presence of the complex gas condensate matrix in the 
void peak. Therefore, the rg was not calculated.
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10
Figure 4. Fractogram of the Condensate B showing the nanoparticles peak between 12 and 20 minutes. The solid line represents the LS-90⁰ 
signal while the markers indicate the measured radius of gyration (rg) at each time slice.
spICP-MS. In order to confirm the range of particle sizes obtained with AF4, the condensate was analysed offline with 
spICP-MS, and the data were processed with the MassHunter software. Fig. 5a presents a typical measurement of a 
condensate sample diluted around 1:1300 in THF. A prevalent Hg background is observed due to the presence of 
dissolved Hg in the condensate. This dilution factor (which corresponds to approximately 3 × 108 particles/L) has been 
selected as a compromise between a reduced background level and a sufficient number of particles monitored. The 
relatively small size of the Hg NPs present in the condensate also negatively affects the particles size detection limit 
because the signal intensity scales as the cube root of the particle diameter. The measurements were done in triplicates, 
with dilution factors ranging from 1,250 to 1,800 and showed a good reproducibility regarding the size distribution 
profile (less than 7% RSD for the median size and 3% for the mean size). More detailed spICP-MS results are shown in 
Table S4. The total Hg concentration (NPs + background) calculated by the MassHunter software ranges from 16.2 to 
19.6 mg.kg-1, which corresponds to 70-85% recovery compared to the Hg concentration found by ICP-MS. 
However, it must be noted that the particle size can only be accurately determined by spICP-MS if the nature of the 
nanoparticle is known: indeed, the particle density has to be entered in the spreadsheet for the particle size calculation. 
Since the latter was first unknown, the calculations were done using the density of Hg (13.6 g mL-1). STEM-EDX data 
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11
later highlighted the presence of HgS NPs (this is discussed more in detail in the “Nature of the nanoparticles” section), 
which have a density of 8.1 g mL-1. Similarly, the particles were assumed to be spherical and the sizes are therefore 
reported as equivalent circular diameters.  The nebulization efficiency, or aerosol transport efficiency, is a key parameter 
in order to establish the size distribution for a given element33. A simple way to estimate the nebulization efficiency is 
to weigh at a time the amount of waste generated, and to compare it to the amount of liquid left in the initial vial34. 
However, this method has been found to lead to a systematic overestimation of the transport efficiency, due to a 
significant volume of liquid often being trapped in the spray chamber35,36. Therefore, the nebulization efficiency is often 
determined using a nanoparticle standard of known size and concentration. A typical nebulization efficiency in the case 
of nanoparticles in an aqueous suspension and a standard type of nebulizer is 2-3% 37. However, the microconcentric 
nebulizers usually have a much higher efficiency, which has been reported to be between 15 and 90% depending on the 
nebulizer’s internal diameter and the flow rate38–40. A nebulization efficiency value of 45% has been found using the 
operating conditions in Table S2, and the “particle size” (“RM size”) method for calculation (a typical signal obtained 
for the 100 nm gold standard is shown in Fig.S4). The Hg NPs have therefore been found to have a median size of 167 
±10 nm (192±11 nm as HgS), based on three independent measurements (Fig. 5b). The relatively high value found for 
the median size may be a sign that the smallest HgS NPs cannot be detected by spICP-MS due to the prevalent Hg 
background.
Figure 5. (a) Hg signal for the Condensate B diluted 1:1300 in THF, detected with spICP-MS using a 0.1 ms integration time (inset shows 
a zoom on the background signal); (b) Particle size distribution obtained using the MassHunter software for the same measurement.
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Nature of the nanoparticles.
 As pointed out previously, the MALS detector is not particle-specific and is unable to give any elemental information. 
Coupling the AF4 with ICP-MS/MS allowed to overcome this limitation and gave more confidence about the presence 
of metallic NPs in the condensate sample. As can be seen in Fig. 6, a significant proportion of the metallic content elutes 
in the void peak. This cannot be seen on MALS, where the void peak is proportionally smaller compared to the NPs 
peak. The void peak represents less than 5% of the total fractogram MALS area (around 94% for the particle peak). In 
contrast, the peak area of the void peak in ICP-MS/MS accounts for between 10 and 65% of the total fractogram area, 
depending on the monitored element. Looking at Hg, it appears that most of the signal (around 65%) is present in the 
void peak and up to tr= 7 minutes. This may indicate the presence of small Hg NPs which elute at very low elution times 
(from t0 to tr= 7 min.). This phenomenon highlights the usefulness of ICP-MS/MS detection in addition to MALS and 
UV.
 In order to further investigate the nature of the Hg NPs, energy dispersive X-ray (EDX) spectroscopy was used in 
combination with STEM to generate elemental maps of the sample. In all images, Hg was co-located with S, which is 
expected due to the high affinity between these two elements. These HgS NPs were found to be mostly small, <100 nm, 
although some bigger NPs were also present (Fig. S5). These findings are consistent with the AF4-ICP-MS/MS data.
Interestingly, the proportion of material eluting in the second peak compared to the void peak is higher for Al, Ti and 
V than for the other monitored elements. This could be an indication that Al-, Ti- and V-containing NPs are bigger than 
other metallic NPs in the condensate, and/or have less affinity with the membrane material. The important Al signal 
could indicate the presence of aluminosilicates, which are commonly found in petroleum matrices41. Furthermore, 
elements such as Ti, As and Fe may be co-located in aluminosilicates42,43. The presence of some particles containing Al, 
Si and O in the Condensate B has been confirmed using STEM-EDX (data not shown).
The limitations of spICP-MS when unknown NPs are present in the sample are again highlighted. Indeed, only one 
element can be monitored at a time unless a TOF detector is used44. If the elements are detected one after the other, 
different NPs will be analyzed which makes any extrapolation challenging.
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Figure 6. Fractograms of the Condensate B detected on-line with MALS (90° angle, bottom right) followed by ICP-MS/MS Carrier 
solution: THF. Fractograms obtained with the new membrane. A retention time shift (approx. 4 minutes) is observed between MALS 
and ICP-MS/MS signals due to the length and diameter of the connection tubing, and has been corrected for in the figure.
CONCLUSION
This work demonstrates the applicability of AF4-ICP-MS to obtain qualitative information on the composition of NPs 
in a gas condensate. The use of THF as a carrier liquid for the AF4 leads to satisfying recoveries compared to o-xylene 
but can easily damage the standard tubing. This can be overcome (at least temporarily) by using more resistant tubing. 
The modified cellulose membrane used during this work allows NPs to be separated from the gas condensate matrix, but 
adsorption of some particles on the membrane is likely to occur, which highlights the need for FlFFF membranes that 
t0 t
0
t0
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are more suitable for organic matrices. Another drawback of the membranes currently available is that the peaks may 
not be reproducible upon replacing the worn membrane with a new one45. 
The STEM images highlighted the presence of irregularly shaped particles and aggregates with a very broad size 
distribution. The coupling with EDX spectroscopy confirmed the presence of HgS NPs of various sizes in the condensate. 
Coupled AF4-UV-MALS-ICP-MS/MS confirmed the broad NPs distribution while giving more information about the 
composition of these natural NPs, as one of the fractions was linked with the presence of several metals as well as 
aromatic compounds. The spICP-MS confirmed the presence of Hg-containing nanoparticles. 
This study highlights the necessity to rely on a whole range of analytical techniques in order to obtain meaningful 
information about the naturally occurring NPs present in gas condensates. While the MALS and UV detectors are useful 
to assess the separation efficiency and recovery of the AF4, the lack of elemental information is problematic when 
element-specific nanoparticles are targeted. The coupling of the AF4 with ICP-MS allowed to monitor not only Hg, but 
also other metals in the nanoparticulate fraction.
SUPPORTING INFORMATION
The supporting information includes the optimised AF4-ICPMS and spICP-MS parameters, additional AF4 and 
spICP-MS figures, as well as the STEM-EDX data.
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